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Atty. Ref. No. 2847-65604 



LANTHANIDE(III)-DOP£D NANOPARTICLES AND THEIR 

APPLICATIONS 

Frank C.J.M. van Vegef^l, Gerald A. Hebbink. Jan W. Stouwdam, 
University of Twente, Lab. of Supramolecular Chemistry and Technology and 
NffiSA+ Research tostitute, Enschede, The Netherlands, 

Luminescent nanoparticles cuirenUy attract a great deal of interest as 
components in LEDs, displays, biological essays, optoelectronic devices with 
nanometer dimensions, and as Ught source in zero-threshold lasere. Our interest is 
in particular to use these materials in (polymer-based) lasers and optical amplifiers 
and integrate them with polymer-based components for telecommunication. In 
particular the optical wmdow between 1300 and 1600 nm is important Here we 
report the synthesis and optical properties of LaP04, GdP04. YPO4, LijP04. and 
LaFs doped with EI^^ Nd^ Pr^^ that emit in the near infiared. The synthesis 
followed a wet chemical approach, which led to redispersable nanopartlcle with 
diameters in the range of 5-8 nm. The Er^^-doped material shows luminescence 
around 1 550 nm with Ufetunes up to 2.3 ms. The Nd^*-doped material shows the 
typical lines at 880, 1069, and 1330 nm, with lifetimes m 100-150 jis range. The 
Pr^-doped material has various emissions in the visible region, but also an 
emission between 1400 and 1500 nm, with a lifetime of several ms. The combined 
emission of these three lanthanide ions cover the complete range of 1 300 to 1600 
nm, thus giving the potential of a compact broad-band polymer-based optical 

materials was proven by incorporating them 
in a thin PMMA layer on quartz^ and measuring the optical properties, which were 
not significantly altered. 
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Summary of Nanoparticle Proposal 



Lanthanides are a series of rare eaith^ elements in the periodic table (57*71) including: 
(La), Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu. 

Nd^^(1330 nm), Er^^ (1550 nm) emit in the teleconununications window, and with Yb^* (980 
ran), Ho^"*" (1450 nm) and Pi^"*^ (1330, 1450 nm), emit in the near infrared (800-1600 nm). 
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The proposal is to create nanoparticles from a material that is a semiconductor (AI2S3, GasOa, 
IniOs) and integrated or "doped" with a Ln''*. These semiconductors are both electroluminescent 
and photoluminescent. 

The emission of infrared from the lanthanide ion is the result of an energy transfer to the ion 
from a stimulated sensitizer (triphenylene^ fluorescein, dansyl, coumarine, lissamine), which is in 
close proximity to the Ln^. 

To improve the long-term stability of the ion, an inorganic matrix will be used as an insulator 
(LaFa, LaP04) which won't quench flie emission and is photoluminescent These molecules meet 
flie requirement that (a nanoparticle with application to polymer-based devices): 

1 . Ln^'^-doped material should be processable 

2. Size should be nanometer range to avoid scattering 

3. High luminescent yield 

4. Robust under constant excitation 



The inorganic core is surrounded by the inorganic insulator and then by an organic layer with 
hole/energy conduction properties, water solubility, terminal reactive groups for labeling, shields 
Ln from solvent Hole conductors include aromatic amines; electron conductors include 
oxadiazoles, 1,2,4-triazoles, l,3,5-*tnazinesandquinoxalines. 

'''Electroliuninescence has not been demonstrated with Ln -doped semiconductor nanoparticles. 
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Research Proposal 

Infroduction: 

Materials on a nanoscale attract much attention these 4ays because of fundamental reasons as 
well as potential application in nanosized devices. Nanosized materials often exhibit 
fundamentally different properties compared their bulk counterparts^ because of quantum 
phenomena. The nanosized devices are the next step in the on-going strive for faster performance 
of clups/higher data storage capacities of hard drives,^^ 

integration of components on chips, etc. The proposal focuses on a hybrid approach to make new 
optical materials that emit in the near-infirared (800-1600 nm), with potential application in 
polymer«-based optical amplifiers and lasers, light-emitting diodes, and biolabels. 

Rationgl of the scientific approach: 

The approach follows a hybrid approach in the sense that the nanoparticle is based on an 
inorganic material in which the luminescent material is doped and that it is stabilized by a 
monolayer of surfactant-like molecules, which also guarantees processability. The luminescent 
trivalent lanthanide ions are chosen as luminescent source because they have the appropriate 
optical transitions in the near-inJBrared. In addition, these luminescent Ln^ ions are known for 
their robustness under laser excitation and have shown excellent optical properties in bulk 
inorganic matrices. The stabilizing organic monolayer allows the introduction of specific 
functionality such as hole- and electron-conducting properties, water solubility, terminal reactive 
groups for labeling, etc (see the proposal section for more details). 

Progress report: 

The concept of sensitized near-infrared emission of trivalent lanthanide ions that we have 
been following over the last 10 years at the University of Twente (The Netherlands) is 
schematically depicted in Figure 1 . The Sensitizer is excited to its first singlet excited state, after 
which intersystem crossing populates the triplet state. The triplet is generally the state from 
which energy transfer to the lanthanide ion takes place. The process of intersystem crossing is 
enhanced by the presence of the Ln^ ion, allowing the use of (fluorescent) sensitizers with low 
inherent triplet 'state populations. EfTective harvesting of the excitation light is usually 
guaranteed by using highly colored chromophores. 




Figure 1 (Jabonski diagram + terphenyl-based polydentate ligand with covalently bound 
sensitizer) 
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A flexible synthesis route based on the terphenyl moiety as building block has been designed, 
which allows the introduction of carboxyacetate ligands and amide groups in addition to 
attachment of the sensitizer (Figure 1). The polydentate ligand effectively shields the Ln^* ion 
from solvent. In particular water and methanol have to be stripped from the Ln^^ ion because 
they are efficient quenchers through their OH groups. The covalent attachment brings the 
sensiti2»r in relatively close proximity, which is a prerequisite for efficient energy transfer. 
Sensitized emission of Nd^* (880, 1060, and 1330 nm), Yb^ (980 nm), and Er^^ (1550) has been 

liembiistrated with a variety of serisitizers such as t^^ 

and lissamine. In general the energy transfer of die excited sensitizer to the Ln"^^ ion is from the 
triplet state, but we and others have accumulated evidence over the last few years that certain 
sensitizers show energy transfer from the singlet excited state. So far, lissamine and dansyl have 
. been identified as sensitizers that transfer through tbe singlet excited state. This may be due to 
the presence of nitrogen atoms with thfeir quadmpoles in their chromophoric part. Our work on 
this issue will appear in ChemPhysChem. 

The long-term stability of the sensitizers is an inherent weak point when organic 
chromophores are being used We were the fiirst to show that sensitized emission of Nd^^ and 
Yb^* can be achieved with organo-d*metaI complexes such as Ru(bipy)3 and ferrocene, which 
were covalently attached in a similar fashion as described above. 

From all our detailed photophysical studies it has become clear that usually the rate of energy 
transfer from the excited sensitizer to the Ln^* ion is (much) lower than the intersystem crossing 
rate. This is mainly caused by the distance between the sensitizer and the Ln*^^ ion. Ternary Ln"*^ 
complexes with the sensitizer directly coordipated to the Ln^^ ton have solved this inefficiency. 

A problem that remains is the very low overall quantum yields of sensitize^ emission, i.e. 
quantum yields up to only a few percent in the case of Nd*'"*' and Yb^^; but much lower for Er^* 
(<0.1%). The non-radiative decay pathways that deactivate the excited Ln^^ ion are the reason 
for this. Many deactivation pathways, involving for instance CH groups of the ligand, are 
present This can be improved by incorporating CD groups> but the ej^ect is only an increase of 
the quantum yield by a factor of 2-2.5. 

In collaboration with Prof. Friend (Cambridge, UK) we have shown that these complexes emit 
near-infrared light in polymer-based light-emitting diodes and that the sensitizer is essential. It is, 
however; my believe that the ""organic approach"^ is bound to fail ^v^dien long-term stability is 
crucial, which will be the case in polymer-based devices such as optical amplifier, lasers, and 
light-emitting diodes. On the other hand, it may serve nicely in (immuno-)assays. 

One solution to the problems described above is the use of an inorganic matrix to host the 
luminescent Ln^"^ ions. A number of inorganic matrices are available with LaFs potentially the 
best "low-phonon" matrix because of its low vibrations (300-350 cm"^), in other words: the 
matrix is expected to hardly quench the excited Ln^^. A few conditions have to be met before 
these materials can be applied in polymer-based devices. The Ln^'^^-doped material should be 
processable, its particle size should be in the nanometer range to avoid scatterings it should have 
high luminescent quantum yield, and it should be very robust under constant excitation. We have 
been the first to show that tbese criteria can be met by Ln^^-doped rmnosized materials based on 
LaP04 and LaFa as host that emit in the near-infrared (LaP04: Aeh. Mat and LaFa: Nana 
Letters).^^ Stable and processable materials have been obtained through the use of a stabilizing 
monolayer of coordinated stirfactant-type molecules. These molecules regulate nucleation and 
growth of the nanopardcle and prevent agglomeration. Efficient emission of Nd^, Yb^^, Ei^^, 
Pr^* (1400-1500 nm), and Ho^^ (1425-1475 nm) has been obtained thus covering the whole range 
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of 1300 to 1600 nm, making broad-band amplifiers potentially possible. Current standard 
telecommunication windows are at 1330 and 1550 nm, but the window around 1450 nm is likely 
to become available as well due to the cunrent progress on low-loss fibers. The estimated 
quantum yields of Nd^^ and Er^"^ are in the range of 1 5%. The Nd^'*'-based material is currently 
being tested in microring resonators in a collaboration with Dr. Driessen (University of Twente, 
ML). Preliminary experiments showed spontaneous amplified mission. Robustness of the 
material under constant excitation for more than 20 hoiirs has already been demonstrated! 
- Measurementsjof ^eiifetimejo^f ion showed that not a single value was present 

but a range of values. Detailed studies showed that the^quenphing by the solvent is present, 

which has a clear distance dependence.'*^ In order to take this distance dependence into accojmt, 
a physical niodel based on 10 shells for the nanoparticle has been proposed (Equation I). This 
simple model gives very good fits (see Figure 2). Equation 1 has basically two parameters: one is 
the decay rate of the Ln^^ ions ki^ and the other is the quenching of the Ln^^ ions by surface 
quenchers, giving the decay rate for shell i. The parameter kn is the radiative life time in the 
absence of surface quenchers and the constant C depends on the individual luminescent Ln^"** ion, 
the size and size distribution of the nanopartides, and the strength of the quenching. The term fq,i 
gives the distance between the shell i and all the quenchers surrounding the particle. The required 
integrations have been done in Excel.™ For more details I would like to refer to two recent 
papers by the applicant and co-workers."^^ 

I. =I«Z^e-'=";k, =-i- = k« +Cxf,(r) 

(Eq 1) 
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Figure 2 (decay curve + fit) 

Some preliminary results have been obtained with semi-*conductor nanopartides based on 
Eu^*-^oped AbSs- A precwsor complex of AICI3 and trioctylphophine oxide (TOPO) was 
prepared that was reacted in hot trioctylphophine (250 °C) with sulfur. Doping was done by 
addition of EuCla. The excitation spectra of in-situ prepared material clearly shows energy 
transfer from AI2S3 to Eu^"*", giving the characteristic red emission of Eu^^. There is still an 
appreciable amount of emission firom AI2S3, so many improvements have to be made here. 




These investigations by 1-PhD I still have in The Netherlands on the W'**-doped 
nanoparticles will come to a close in approximately one year including .writing a thesis, leaving 
many questions unresolved. 
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Proposal: 

A systematic investigation is proposed on Ln -doped nanoparticles based on inorganic 
insulators and semi-conductors with a stabilizing (functional) organic monolayer. The following 
questions and issues will be addressed:. _ „ 

1) The synthesis and purification procedures have to be optimized to increase the mohodispersity 
of the doped nanoparticles. Once this is achieved, the photophysical measurements will give 
much more insight in the effect of surface quenchers, the effect of the concentration of the 
luminescent Ixr ion, the effect of co-doping with a sensitizer (a well known sensitizer of Er^^ is 
Yb^* which has a relatively bioad and intense absorption around 940 nm). These data will put the 
physical model to a stricter test and lead to a deeper insight of the system, 

2) Methods have to be developed to produce core-shell particles in the sense that the doped 
inorganic nanoparticle is covered by a layer of (another) inorganic material to which the 
stabilizing monolayer is bound. This core will place the luminescent Ln*'^ ions further away from 
surface quenchers thus increasing the life tune. To obtain a single life time for all luminescent 
LiP^ ions in the nanoparticle is important for any device optimi^ition in the future. 

3) Surface modification is another important objective. It will lead to materials wdth increased 
stability, and it will, allow the introduction of functional terminal groups for covalent anchoring 
to a polymer or sol-gel matrix. The use of these doped nanoparticles in a sol-gel as matrix will 
avoid the problem of remaining OH groups and will give very wear-resistant material^. Surface 
modification will also produce materials that are water soluble, an obvious requirement for 
biolabels* The Ln^^ ions that emit in the near-infrared are attractive because tissue is relatively 
transparent to this radiation thus allowing measurements with the excitation and detection 
outside the body ."'^ Two general approaches are possible: ligand exchange after synthesis of the 
nanoparticle or chemical modification of the ligands. 

4) The development of Ln^'^-doped nanoparticles based on semi-conductors that have efficient 
emission in the near-infrared. The advantage of a semi-conductor as host is that electrical 
excitation will be possible in devices such as (polymer-based) light-emitting diodes. This is not 
possible with nanoparticles based on insulators such as LaP04 and LaFs. To date, there are no 
examples of these materials in the literature, although a number of publication hint at it.***^ 
Recently, Meijerink et al. have published a paper stating that so far all attempts to incorporate 
Ln^* in nanoparticles of CdSe and thelike have failed.'^'Possibly two factors are involved in the 
failures. One is a charge mismatch and the other is a lattice mismatch. Materials with a 
stoichiometry of M2X3 are much better candidates (vide infra). Materials tiiat will be tested 
initially include: AI2S3, In203, GaiOa, GaaSa, Ga2Se3, GazTea, (Qd)hi2Te3, etc. It will be 
important to establish tiie bandgap of the nanoparticle, which will determine if energy transfer to 
the Ln^^ ion is possible. Knowing that AI2S3 (the bandgap of bulk AliSa is 4.2 eV) ■ can excite 
Eu^* makes it likely that also Ln ions that emit m the near-infrared can be excited. The bandgap 
of □In2T^ and DlnaTej are 1 .1 and 1 .0 eV, respectively,"^ which is only allows to be 
excited. 
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characteristic emission of i.at "^^"^ *^,^'^ru^^^^^^ giving the 

nanoparticles the holes and electrons have to .Snci" tw»^? • semi-conductor 
facilitate this process hole- and S^^^dS. It5 monolayer. In order to 

organic monolayer (schematically^StS in F^^^l'*^^^ *° ^^^^'^"^ «to t^s 
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l^n -doped nanoparticles that emit in the near-infrared «*5khn»^j w, 

monolayer of organic ligands "irarcd, stabilized by a setf-assembled 

. nn,Vmay.da> lead to l«tfm» Wdibib TWdZ^ili"; ^ ^ 

became of their differS?ro~rtSl 

potential appUcations. ^^^t^STS^Z^^T'^r' 

supramolecular photonic matetiab The lnn« "-anadian Reseanb Chair on 

Processability and size control of the rianoDarticles will iv. u i- ^ -, 

that form a self-assembled monolayer thro^^oSSn^oZ^^ f!^^ 
As matrix both insulators e e LaPO. and T«F e ° ^ °^ nanoparticles. 

feO,. ^„ he exploited, in S.^J^S<S^r^^hS^1!g-,^- ""^ 

swuconduaor-based lunJnesoeiM natei^ 

(electtolummescence, EL) in e.g. polymer-based light^tZ dSSS^ ST* 

^ (fortoitid re^ts on l^,Ta::^.s^^2,1T3^^S^;^^, ^ by 

«Tn^:^st;^r»tsre,tar^^^ 

"■organic laya^ Surftce reactions and ligand exchange reaetiSJZftS^frl^^ST 

which the nece3^S^^i?^Z?T "T"!!^. 1"^"™ 5''='"=^ «» 

Phyaioa, niodel .^<lSS°pS-S^i„^i'^r,t^«»- 

quaaium yields. I his distnbution is caused bv the fart that tii*. t r.3+ « j , "^"^^ 

,=tt^oid 



Egress Mail Label No, EL874430684 



tS9 



S^4ru5 """^^ " """^ '^''^ * «i* P«>f- Friend 



Applications of Researcli 



1) Ln3+ doped nanoparticles based on insulators. AoDlicationarP In ♦h-fioM * i 



much 



tnttil 




[11] K.-H. Un. X C Ckoclcer, V. Prasad, A. Schofield, a A. Vfeitz, T O Lu- 

bensky« A. a Yodh, Phys. Rev, UtL 2000, 85, lT7a 
(12] a) S. M. Yang, & A. Ozin, Oiem, Comnu 2000. 2S07. b) a A. Oan. & M. 

Yang. Adv, FuneL Mater. 2001, //. 95. c) Y. Yio, Yi Xia, Adv. Mater. 2002, 

74,605. 

(13J K.P. Velikov, CG. Chrislova, R.P.A. Dullens, A. van Blaadcren. 

Science Tarn, W,IQ&. 
[14\ A. Ashkin, Pttys. Rev, Lett. 1970, 24, 156. 
(151 & Chu, Rev. Mod. Phys. 1998. 70, 685. 

[16] D. M Schaefcr, H. Reifei^rger, A. Patil. R. P. Andres^ Appl PJiyx Lett, 
1995.66.1012. 

li Morishitar Yi-Hatanion,-in IVoc JEE&RSV-lnL.CD!;^ .Intelligent, R^ 
hats and Systems, Yokohama, Japan* July 26-30 1993^ 
H. T. Miyazaki, H. Miyazaki, K. Ohtaka, T. Sato^ JL AppL Phys. 2000» S7, 
7152. 

K. M. Ho, C T. Chan, C M. Sonkonlis, Phyx Rev. Lett. 1990, 65. 315Z 
L D. Joannopoulo9» P. R. VtUeneuve, S. Fan. Nature^ 1997. 386, 143. 
S. Noda, K.Tonioda, N. Yamamolo, A. Cbulinan, Sdence 2000; 2S9, 604. 
H. fCosaka. T. Knwasbima, A. Tomita, M. Notomi, T. Tamdmura. T. Sato^ 
S. Kawakami, AppL Phys. Lett. 1999. 74. 137a 
& M. Yang, H. MIguez, Q. A. Ozin. Adv^ Ftmct. Mater. 2002, 72, 425." 
E. Kim. Y. Xia. a M. Whitesfdea. Adv. Mater. 1996. 8, 245. 
R Oarcfo-Santamaffa, C L6pez. R Meseguer, E Ldpez-Tbjcira, J. Stfnehez- 
Dehesa. H. X Miyazaki, AppL Phyx Lett 2001. 79, 2309. 
C Kittel, Introduction to Solid State Physics, 6th ed.« Wiloy, New York 
1986. 

C Haginoya, M. Ishiboshi, K. Koike. AppL Phys. Lett, 1997, 71, 2934. 
H. W. P. Koops^ J. Kretz, M. Rudolph, M Web^r. a Dahm. K. L. Lee, 
Jpn. J. AppL Phyx 1994, 33, 7099. 

L. Reimer. Scatuiit^ Bearon Mkroseopy, 2nd ed., SpringeivVerlag, Ber- 
lin 1985. p. 132. 

T. Kasaya, H. Miyazaki, S. Saitp. T Sato, fn 7999 IEEE Int. Conf. Robotics 
ondAutomadon (ICRA J999), Detroit, M!, May 10 1999. 



- [171 

(181 

U9J 
120] 

PU 

1221 

(23) 
1241 
t25l 

1261 

(271 
1281 

12^1 
1301 



Express MaU Label No. EL8744306S4US 

number of redispersible nanoparticles have been reported 
that are doped with lanthanide(iti) fons such as Eu^ and Tb'*, 
which emit visible light,^*^"* Processable nanoparticles doped 
with near-infrared (NIR) emitting lanthanide(ni) would be of 
particular interest as the active material in polymeF-)>ased 
telecommunication components, polymer-based laseis, poly- 
mer displays, and polymer LEDs. An advantage of nanoparti- 
cles over organic complexes^'*' is that the lanthanide ion is 

_ embedded in an inorganic^atrix, yjelding longjuminescence 
lifetimes and high quantum efficiencies. 
Here, we report the first redispersible ' lanthanide-doped 

. nanoparticles that emit in the NIR aqd we show that these 
particles can easily be incorporated in polymer materials. 

The colloids doped with the NIR-emitting Pi^*, Nd^*, Ei**^, 
Yb^, and Ei^ co-doped with Yb** ions were prepared ao 
cording to a literature procedure,'"^ More details can be 
fopnd in the Experimental section. The particles were charac- 
terized by transmission electron microscopy (TEM);" a typical 
image is shown of the LaP04:Pr particles in Figure 1. 



Lanf haii]de(ni)-Poped Nanoparticles That Emit 
In the Near-Infirared*''' 

By Gerald A. Hebbink^ Jan W, Stouwdam^ 

David N, Reuxhoudu and Frank C J. M. van Veggel* 

Luminescent nanoparticles attract a great deal of interest as 
components in light-emitting diodes (LEDs),^*' displays,^^^ bio- 
logical assays»^^^ optoelectronic devices with nanometer di- 
mensions,'^' and as a light source in zero-threshold lasers.'^' 
Ibe materials employed are for instance semiconductor parti- 
cles such as cadmium selenide^^' and indium arsenide,^' and 
lanthanide(in)-doped oxide materials. The latter are of special 
.interest due to their apph'cability in optical amplifiers and 
lasewL'W'^ 

Lanthanide(]ii)-doped nanoparticles have been reported 
previously,^* following procedures with high temperatures or 
bombarding experiments,'"^ but these methods generally 
suffer from products with a low' processability. Only a small 
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Fig. 1. TEM image of LaP04:Pr particles on a carbon-coated gjrid. The inset 
shows the high ciystallinity of the particles 

The picture shows that the particles are not ideally spherical 
and that the average size of the particles is about 5-7 nm.^'^' 
The inset shows a magnification of scmie particles to illustrate 
the high crystallinity. The particles seem to cluster on the 
TEM grid but in solution they are present as single particles. 
This has been measured before with small-angle X-ray scatter- 
ing 



l«l 



The elemental composition of the colloidal powders was 
determined by elemental analyses and by X-ray fluorescence 
(XRF), the latter being an excellent technique to distinguish 
between the different lanthanide ions. The elemental compo- 
sitions obtained from elemental analyses and XRF are pre- 
sented in Ihble 1, The lAolar ratio La^/Ln^^ is in all cases 
about 19:1, as was applied in the synthesis. FUrthermoie, the 
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[b| XRR [bl Elemental analyus, 

phosphorus content is higher than needed stoichiometrically 
for irnP04yth"e excess in phosphorus is prescnt as phosphates' 
and phosphate esters bound to the surface of the particles. 
Hie remaining 10 % is organic material, mainly surface alkyl 
groups, tetramethylammonium salts^ and traces of water. The 
presence of the organic groups was confinned by NMR 
spectroscopy, where broadened signals (3.3 ppm for NMe4* 
and 1.2 and 0.9 ppm for surface-bound ethylhexyl moieties) 
were found for- these compounds. The line broadening is con- 
sistent with the surface binding of the organic groups to the 
particles. 

Tbe emission and excitation spectra in the ^ible region of 
the Pr'^-doped colloids are depicted in Figure 2. The enussion 
spectrum in the visible was obtained by exciting the sample at 




400 450 500 550 600 650 700 750 

wavafengUi(nm) 

Fig. 2. Exdtadon (A«ai-730 nm) and emission (Ae„e442 nm) spectra of La- 
POs^iPr in CD3OD aP^l- l(r> M). 
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Rg. 3. Emission spectra in the NIR of L9P04:Ln in CDjOD at KT^ M with 
Ln^sPr** Mcc=476 mn, panel A), Nd^* (A«>e»514 nm, panel B), and Er** 
(XcggSz48B am, panel C). 



442 nm. The strongest emission peaks were observed around 
490 mn, 530 nm, and 620 nm, attributed to the ^P(r-»^, 
^Po->^5. and "D2->'H4 transitions^ respectively. A number of 
exdtaticHi peaks were observed between 460 and 490 nm 
(measured by collecting the emission at 730 nm). attributed to 
the ^H4->¥j (/=2,1,0), and the ^H4-»*D2 transitions. 

The emission spectrum of LaP04:Pr in the NIR, obtained 
by exciting the sample with an Ar* ion laser at 476 nm, was 
collected with a Ge detector (above 850 nm) or a photomulti- 
plier tube (PMT) (AgOGs) for the part below 850 nm. TTii$ 
NIR emission spectrum (A), together with the emission spec- 
tra of LaP04:Nd (B) and LaPO^rEr (C) are depicted in Fig- 
ure 3. The latter two were collected by exciting with the 
514 nm and the 468 nm Ar* ion line, respectively. The NIR 
spectrum of LaPOfl.Pr (A) exhibits a number of transitions 
between 800 and 1100 nm of the *D^¥j (1=2, 3, 4) transi- 
tions and a broad peak between 1400 nm and 1550 nm attrib- 



uted to the *P2-»'G4 transition. The emtesion spectra of La- 
P04:Nd (B) and LaPOaiEr (C) show the typical Nd^* 
transitions at 880, 1060, and 1330 ran Cp3n-^%n, ^^3/2-^%vz* 
and ^F3/2->''li3c. respectively) and Er^* transitions at 980 nm 
Ch\/z-^\s/z) and 1550 nm Ch3a-^%sn)' By using these 
lanthanide(iu) ions, the spectral region from 1300 nm to 
1600 nm, which is of particular interest for telecommunica- 
tions applications,^'^' can be covered completely. The Yb^/ 
Er^ ion comlnnation is of great importance in Er^-doped op- 
tical amplifiers where Er'* is pumped indirectly via Yb^, 
which has a 10 times higher absorption cross section and a 
much broader peak at 980 nm than Er**J*'' Ei^ luminescence 
at 1536 nm was observed in LaP04 particles that were doped 
with 5 % Er^ and 5 % Yb** upon excitation of the charge- 
transfer band around 250 nm that initially leads to excited 
Yb^ ions.^* TTie particles doped with only Er^ did not exhib- 
it this broad excitation peak, which proves that upon exdta- 



1146 



© WILEY-VCH Vcrlag GmbH & Co, KGaA, Wclnhcim, 2002 0935-9648/02/1608.1 148 $ 17.504..5Drt) Adv. Mater. 2002. J4, Na 1 6. August 16 



S'JM'C "'^^ chaige-tnmsfer band the energy is trans- 
fe^ed to the centere. Particles doped with Yb'* alone 
Yh^r* charge-transfer band at 250 nm. but of cou«e 
oiriy Yb -based lummescence at 980 nm was observed there. 

Luminescence lifetimes were determined by collecting the 
decay of the Inmincscence intensity of the strongest intensities 
of the lummescence spectra after excitation with the same 

Ar ion laser lines as above. TWO effects were studied. i.e the 
role of the solvent in luminescence quenching and th; rol'e o? 

. the Jen_concentration_on theJuminescencc-nie-first effect 
1WS measured on the Nd^-doped particles, the latter effeS" 

Z '^^r'' "^'r ^* varying Er'* concent,,. 
t.on. The Itfetimes of the Nd'^-doped particles were deter- 
mmcd «n solvents with varying deuteration grade: methanol, 
methanol, and methanol-d,. because the higher the deu- 
teration grade, the lower the quenching wiU be. Ihe obtained 
decay trace is clearly not monOHSjiponential. Because the 
strongest quencbmg groups are located at the surface of the 
particles, a fitting procedure was developed that takes into 
account the distance between the surface of a particle and the 

Z"!rrn"'"*J" ^ P^'*'^'^ subdivided 

into 10 shelb with equal volume, in order to give each emis- 
sive ion equal weight in the fitting procedure. The rate con- 

iTrr « determined by a luminescence 

rate m the absence of quenchers at the surfiice (tr equal for 
all shells) and a quenching rate that is dependent on the d" 
tance between the (center of the) sheQ and tiie particle sur- 

Stt loth' f"^. C. nic decay ti^ces were fitted 

with 10 shells aqconUng to Equation 1, " 



(1) 



with /, the intensity at time=/. /„ the intensity at /=0. ft,=l/r, 
Uie rate com^tant in shell i. which is the reciprocal of the life- 
time m shell /. ,.,he time, the rate constat in the absence 
<rf surface quenching (fit parameter). C a quenching constant 

i2o^TTJ*2v. factor that takes into 

accomit the dotamje between a shell and the surface with a 

;>T«1 r '•"•="'='''"8 Propomonal to 

This function was calculated by integration of the 
q««.Amg m a shell over the whole surface of tiie piSi^I 

smaller close to the core. Fitting was performed by a leaS 
squares method witi, Uie "Solver- option in Mic,t«off Ex5 

Fitting gwes a jR that represents the Imnimsscence lifetime 
m the absence of surface quenchers and a C that consi!te^f 

TJt'^tT^T"' • ' '"^"^'^ not mono^s! 

^.^u l y^"^ (averaged 
ovw all subshells) are reported in Tlible Z An example ^1^ 
fitted curve is presented in Figure 4 

wi^ ditr^ rr*" Nd»*-doped partldes in methslnol 
wth different deuteration grades gave excellent fits with a 

i TtL 1^"' "^^"^ « quenching t! 

tor C that decreases with increasing deuteration Jade- 
34€0 s ' « methanol. ^539 s" in methanol-rf,. and 
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^4. Decay of U.PO^M to CH,OD n,t«. wiU. ,»del de^tbed In U« , 



methanol-d, The averaged lifetimes (over Uie whole particle) 
• ^ 'k i^.""** respectively. The relative decrease 
of fj r H h.«h« "POH deuteration of tiie O-H group than 
of the C-H group because an O-H group quenches the ex- 
cited states of lanthanide ions more efficientiy tiian the C-H 

""T,"' «^"~-» vvas investigated 
wiHi Er". because its luminescence is veiy susceptible to pro- 
cesses such as cross relaxation between E.^ ions. In order 
to study this, the decay of particles wiUi different Ei^ concen- 
tration was measured. U 5 at.-%. 2aL-%. j aL-%, and 
0.5 at-% of Er^* versus La**. TTie decay trace of the partdes 
doped with 5 «.-%. 2 at-%. 1 at.-%. and 0.5 aL-% Er^ i„ 
methanol-^ gave «cellent fite with tr = 381. 948. 1381. and 
M26 MS and with 10. 5.7, 3.9. and 2.3 s- as quenching f;ctor 
C. respectively. This enhancement in tr is due to a reduction 
in ttie quenching by Er^ ions (cross-relaxation, self-quench- 
mg. and upK»nveniion). An important factor in the overaU 
quenching is self-qwenching. which results m die energy trans- 
fer of one excited ion further away from die surface to ions 
closer to Uie surface, which are more stiongly quenched. This 
w the reason for die reduction in C witii decreasing Er'* con- 
centiatjon. The values for Tr and C of Pr^ are 8.0 ^s and 
3600 s . re^ectovely. wiUi an average lifetime of 3.8 us. short 
compared to tiie Nd'^ and Er"* luminescence, but Pr^has in 
general shorter lifetimes due to a large number of possible in- 
tern^ transitions. Hie luminescence lifetimes found for Ntf* 
and Er' are much higher (by up to a factor of 100-1000) than 
those m solution or m organic complexes."*"*! It should be 
noted that Tr reported here is not necessarily the natural 
radiative lifetimes of Uie lanthanide ions, and quentSg 
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mechanisms other than surface quenching may still be pre- 
sent. The real radiative Ufetime of Nd^ is reported to be on 
the order of 25(M00 |is, and that of Ei^ on the order of 
8000-20000 (IS. A simple calculation shows that the highest 
luminescence quantum yield WLo=TobAod) for the La- 
P04:Ln particles is about 15 % for both Nd^- and Er^*-doped 
particles. In order to have a qualitative measure of the effi- 
ciency, the luminescence of the Nd^-doped particles was com- 
pared with the luminescence of Nd(N03)3 in inethanoW4 and 
in DMSO-46. Jurai^^ salt in 

methanoI-£/4 and DMSO-f/g were reported previously by Bee^ 
by and Faulkner.^^J These lifetimes and that of UP04:Nd and 
their relative luminescence intensities are reported in Table 3, 
It can be seen that the (averaged) luminescence lifetime of 
LaP04:Nd is enhanced to the same extent as the luminescence 
intensity. Slight differences are due to variations in the radia- 
tive lifetime of Nd'* in the three different environments. So. 
there is a clear advantage of using LaP04:Ln. 

pbic 3 Obsefved luminescence UfcUmes and relaUve intensities of NdfNCK), 
insoJutionandbfLaPOvJ^d. ^ " 



^^cA«//7,i«: Photoluminescence in the visible region was men- 
surcd with on Edinbuish Instruments FS900 instrument with a 450 W xT 

M R955 PAffT. Spectra and luminescence Ufctimcs in the NIR were measured 

^ ^"4? ^ "^^^ " ™ operating ai v^^^ve- 

lengths. The conUnuou, light was modulated with an aeousfo^ptfc ^^^^r 
and focusml on the sampte in 1 x t x 3.5 cm» quartz euveties (hSi^^Z 

f^l ""f "O"«=hromator exit with a liquid nitrogen^^MOe d" 

tector (Nortbcoast) or a PMT for the spectral region betwe^7SSooo nn^ % 
spectra were conrected for the instrument rcspoiSe. 

Received: February 20, 2002 
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laj From ret [23]. [bj In Cp^OD solution. 

As an illustration of the processability, the LaP04:Nd nano- 
particles were incorporated in a polymer matrix on a quartz 
substrate. A solution of 0.9 g poly(methylinethacryIate) 
(PMMA) in 5 mL meUiylethjiketone was mixed with a disper- 
sion of 0.1 g <rf the diy nanoparticles (Nd^*-doped) in 5 mL 
methanol. Spin coating of this colloidal dispersion on the sub- 
strates gave transparent films of about 1 ^un tiiickness. The 
neodymium ion concentration in this layer is about 10" cm"^ 
The only difference in die emission spectrum with that taken in 
CD3OD solution is caused by absorption of part of the 133 |un 
transition by C-H vibrations in the polymer matrix. 

In conclusion, near-infrared emitting lanthanide(iii>^oped 
nanoparticles were successfolly made. Hje particles liave good 
processability and thiis the possibility to incorporate tiiem in 
polymer-based devices. The average luminescence lifetimes of 
the NIR-emitting lanthan]de(n() ions are up to 1.7 m& These 
lifetimes make them of particular interest as materials in, e.g., 
optical amplifiers and laser. 



ExperimenuU 

I J^/"m"^ J,**^^ prooedurc LaCb together with the appropriate 

(ethylhexyOphosphate. This .solution was added to a solutioa containing ortho- 
pJjMjAoric add and trioctylamine in tris(ethylhexyl)phosphatc and heated to 
^ c for 40 h under exclusion of oxygen and moisture. After cooUns down to 
room temperature, methanol was added to precipitate the doped lanthanum 
phosphate particles. After prcdpitation ihey were collecied by centrifugation 
To remove all high boiling point organics the residue was stiired twice with 
methanol and centrifuged again. Fmally. the particles were dispersed in meiha. 
nol by addition of tetrametfayfaumnonium hydroxide. ""ina. 
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U7J Scattering of light by these kind of small particles win be minimal as iOus. 
Uaied by the fact that Rayleigh scattering is dependent on the particle ra- 
dius veRus the wavelength of the light to power four. With the particle ra- 
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ABSTRACT 

Nanopaiticles of laFj doped with Ln»+ Qji ^ Eti, Er, N4 and Ho) have been prepared that are dispersiUe in organic solvents. From the 
speetnim of £0*+ U has been cbncluded VxA the dopant ion occupies a Is?^ site. The liindnescence decays are filled btexponentially. A given 
possible explanalion for this is a different probabiiily of nonradiailve decay for ions at or near the stnface and tons In the core of the particles. 
The Gfetones of Bi'+ lumrnescence at a doping concentration of 5% were 7.7 ± QJ2 and 2.9 d: 02 ms, Indicative of veiy high quantum yields. 
TJm particles doped with Er»+, Nd»+, and Ho»+ are promishi^ materials for po^mer-based optical components, because they show luminescence 
hi the leleconununicathm window ^ Bfl* at 1S30 nm, IhP-** al 1330 nm, and Ho*-*- at 1450 nm). 



Luminescent materials based on lanthanide ions attract a great 
deal of interest as phosphors in lamps and display devices,* 
components in optical telecommunication,^ and as the acdve 
material in lasers.^ There is a growing interest to use tliis 
luminescence in polymer-based materials, because of easy 
processing of polymers and ea^ of integrating different 
components. The luminescence of the trivalent lanthanide 
ions arises from transitions within the 4f shell of the ions. 
These transitions are parity forbidden, leading to low 
absorption cross-sections and long luminescence lifetimes. 
However, this long-lived excited state can be quenched very 
efficiently in the presence of the high-energy vibrations of 
organic solvents, polymers, or Hgands, thus hampering the 
implication in polymer-based devices. Therefore, to use 
lantlianide luminescence in an organic enviroiunent it is 
important to shield the lanthanide ion from the organic 
surroundings. Shielding of the lanthanide ion'^ can be 
achieved by doping it in the inorganic part of nanoparticles, 
which should still be dispersible in orgam'c solvents. Good 
dispersibility of the particles is generally achieved by having 
organic groups on the outside of the particles. Nanoparticles 
with dim«isions of a fpw nanometers are small enough to 
minimize Rayleigh scattering in polymer fihns.^ E^ecially 
the laiithanide ions emitting at wavelengths between 1300 
and 1600 nm are of interest for optical telecommunication, 
because at these wavelengths the silicon-based optical fibers 
have their maximum transparency.^ 

Most nanoparticles doped with lanthanide ions are made 
in higjh-tcmperature procedures leading to particles without 
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organic groups on the surface and therefore they have no 
dispersibility in solvents.'' Only very few examples of these 
' lantiianide-doped nanoparticles have been reported that have 
a good dispersibility In organic solvents.'-' In particular, the 
near-infrared emitting ions have received little attention."* 
In this paper we show the synthesis of lanthanide-doped 
LaF3 nanoparticles-that have a good diq>ersibility in organic 
solvents. LaF} was chosen as the host matrix because this 
material has very low vibrational energies,^' and therefore 
the quenching of the excited state of the rare earth ions will 
be minimal. This is especially important for the rare earth 
ions emitting in the near-iniiared part of the spectrum, 
because they are very sensitive to quenchliig by hi^-^ergy 
vibrations.'^ 

The synthesis of LaFj nanoparticles was first reported by 
Dang et al." This procedure was slightly modified to yield 
luminescent, doped nanoparticles.'^ For the syntiiesis of the 
nanoparticles, ammonium di-it-octadecyldithiophosphate was 
used as the ligand to control particle growth and to stabilize 
tfie particles against aggregation. Ammonium di-n-octade- 
cyldithiophosphate was synthesized by heating P2SS (0.02 
mol) and octadecyl alcohol (0.07 mol) at 75 **C for 3 h. The 
suspension was cooled to room temperature followed by the 
addition of 50 mL dichloromethane. To remove inorganic 
salts, the solution was filtered followed by evaporation of 
the solvent. The remaining residue was taken up in 50 mL, 
of hexane, and ammonia was bubbled through the solution. 
The precipitate was separated by filtration, washed with 
hexane, and dried; yield 60%. 
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Figure 1. TEM picture of LaPj/Eu particles. The inset shows the 
high ciystallinity of the particles. 

The LaFs nanoparticle^ were prepared by heating a sohitipn 
of 614* mg (0.95 mmol) ammonium di-/i-octadecyIdithio- 
poshate and 126 mg (1 nnmol) NaF in 35 mL ethanol/water 
at 75 °C. A solution of La(N03)3-6H20 and Eu(N03)3-6H20 
(133 mmol totaj) in 2 mL of water was added dropwise, 
and the solution was stirred at 75 **C for 2 h and then cooled 
to room temperature. The precipitate was separated by 
centrifugation and was washed subsequendy with water and 
ethanoi. The particles were further purified by dispersing in 
dichloromethane and precipitation by the addition of ethanoi. 
After separation by centrifugation the particles were dried 
in a vacuum over PiOs for 2 days. After drying, the particles 
can be dispersed in apolar solvents such as chloroform, 
dichloromethane, and toluene. 

First, the characterization of particles doped with Eu^"*" is 
described, because this ion is a good probe for the chemical 
environment of the lanthanide ion. The same procedure was 
used to make LaFj nanoparticles doped with Er^, Nd^"*", and 
Ho^, which have transitions in the near-infrared at wave- 
lengths interesting for optical telecommunication. 

The particles of LaFj doped with 5% Eu^+ were character- 
ized by TEM by evaporating a drop of the particle dispersion 
in CH2CI2 on a carbon coated TEM grid (Figure 1). 

The particles are single crystals but not ideally spherical, 
with diameters between 5 and 10 nm. These sizes are small 
enough to minimize Rayleigh scattering. In the higher 
magnification inset the high ciystalltnity of the particles can 
cleariy be seen. The ciystal lattice plains can be seen in the 
spherical and in the elongated particles, so the elongated 
particles are not formed by aggregates of smaller particles. 
The elemental composition of the particles was determined 
by X-ray fluorescence (XRF) and combustion elemental 
analysis (EA). The results are sunmiarized in Table 1. 

The XRF analysis confirms that the same ratio of Eu/La 
is present in the particles as applied in the synthesis. 
Combustion elemental analysis confirms the absence of free 
ligand, because no nitrogen of the ligand counterion was 
detected. Fluorine cannot be" detected with both of these 
methods. 
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Table 1: Elemental Composition of the Particles 



element 



wt% 



calc wt %« 



La* 
Eu* 



30.96 
1.61 
2.64 

35.96 
6.63 

6.18 



30.88 

2.63 
36.82 
6.35 

5.46 



''^^ LaFj (cstiiuatcd ratio of La/P from 
XRIO. * DctCTminwl by XIU^. » D««niincd by EA. 
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050 

Wav«Ienglh (nm) 



700 



750 



IjO 



OA' 



S 



0^- 




WavolBnglh (ran) 



450 



Figure 2. (A) Emission 397 nm) and (B) excitation {X^ 591 
nm) spectnim of LaFjiEu particles dispersed in CH2Cb with a Eu'+ 
concentration of -IQ-^ M. Steady-state measurements were done 
with an Edmburgh Instmments FS/FL900 instmment with a 450 
W Xe arp lamp as excitation source and a red sensitive, Peltier 
element cooled Hamamatsu R955 PMT. The emission spectnim 
was corrected for the detector response, and the excitation spectrum 
was conecled for the lamp intensity. The left inset shows a high- 
rcsolution (0.09 ran) spectrum of the peak of the ^Do— 'Fo transition 
at 578 nm. The nght inset phows the luminescence decay of the 
*Do level at 591 nm (Acx. 397 nm) measured by exciting the sample 
with a microsecond flashlamp. 

The room-tennperature emission and excitation spectra of 
LaFj doped with 5% Eu'+ are shown in Figure 2. 

In the emission spectnim the characteristic Etf + transitions 
can be seen from the ^d, and ^Dq level. All Eu^+ ions are in 
the same crystal site, because only one peak for the ^Dq— ^Fo 
transition is observed at 578 mn. These two energy levels 
are nondegenerate, so one peak will be observed when all 
Eu5+ ions are in the same environment The symmetiy of 
the ciystal site in which the Erf+ ions are located is 
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rP 




1.352 


9.5 (67%) 


1.357 


8.4 (77%) 


1.375 


8.2 (76%) 


K407 


8.1 (73%) 


1.424 


7.7 (74%) 


1.446 


7.4 (75%) 


1.497 


6.8 (72%) 


1.525 


6.8 (72%) 



solvent 

ethyl ether 
pentane 
hexane 
THF 

dlditoromethane 
chlaraform 
toluene 
chlorobenzene 



T2 

3.6 (33%) 
2.9 (23%) 
2.9 (24%) 
3.0 (27%) 
2.9 (26%) 
2.8 (25%) 

2.7 (25%) 

2.8 (SBBHet 

detennined by the ratio of the *Do— 'F, and *D»->'F, 

5^5^"^*.-*^^ hypencnsitive. but the 
Dr- F, transition b insensitive to the environment and the 
ratio of the two intensities is a good measure for the 
«^ of Ae Eu- site..ln a site with inversion 
the Do F, magnetic dipole Hansition is dominating, while 
m a site without inveision ^ymmetiy the 'Do-'F^tlectric 

t *• """-Sesf * The calculated intensity 
ratio IS 0.95 which u m good agreement with G symmetj 
sjmilar to that of the La^^ ion in bulk LaF,.'' Te pe^' 

^ T *° *°™<* for bulk LaFa " doped 

wrth Eu'+ folly consistent with (he incoqioration of the Eu»* 
ion inside the LaFj nanopaiticle. In the excitation spectrum 
the charactenshc absoiption bands of Eu»* can be Wen 

The mset of F^ 2 shows the luminescence decay of 
the 591 nm. emission, whbn Eu'+ was excited directly at 397 
nm. The luminescence decay of the ^Do level is clearly not 
monoexponential, and a gbod fit was obtained with two 
exponentials The fitted values for the lifetimes are 7.7 ± 

nk^} I'^ *^ '""^ component and 2.9 ± 0.2 ms 
(26 /o) for the short component. The value is slightly hieher 
the radUt ve lifetime of 6.9 ms calculauJSore f" 
Eu3^ m bulk LaFj."* k is monj often observed that the 
.1 °f nanociystalline material is some- 
^.-^Z ^-X" material,"' which can be 

explamed by a different refractive index of the medium 
around the particles When we look at the hrniinesTe^ce 
lifetime of our particles in solvents with different refractive 
mdex we see the same as was previously found." H,e n»ults 
are summarized in Table 2. "icresuns 

An increase in refractive index leads to a decrease in 
tammescence lifetime, while no difference in the 

^H-i'^^T T "'T^^**- "^^ ^'^^y^ still biexpo- 
ncnoal and the effect of the medium is primarily seen on 

Ae long component of the lifetime. There are a number of 
possible explanations for the multiexponential decay of the 
lummes^nce. One possible explanation is a different prob- 
ability of nonradiative decay for ions at or near the surface 
and ions m the cpre of the particles. The LaF, matrix has 
my tewphonon ^es (-350 cm" so quenching from 
tte host B negligible. The ions on the outside of the particlS 
are more sus«^tible to the high eneigy vibrations of the 
S "* *ff"^"«- "^^-^ -l^^o a sm% amoun? of J^Sr! 
which IS a known quencher, adsorbed to the surface of 
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DifTerent E^^^• Doping Concentrati ons^ 
Eu^ cone. 



1% 

2% 
5% 



Tj (ms) 

9.1 ± 0.2 
8.5 d: 0.2 
7.7 ± 0.2 




87 ±5 
83db5 
74 ±5 



2.8 ± 0.2 
2.7 ± 0.2 

2.9 ± 0.2 



13db5 
17±5 
26 5 



duplicate mcWS detennined fiom 

Ke n« r"^'^^^ by performing the synthesis 

- of the particles m D^Q^tOD solvent-An-increase in the two 
components of the lifetime was observed to 9.0 ms (65%? 
and 4.0 ms (35%). When this product was stirred inTnSxmro 
of waterfethanol, the vatoes of the lifeHme were back S Ae 
.^s ote«n,ed for particles synthesized in noadeuterated 
solvent. This expermient confinns the presence of water 

«ysjl lattice, but at the surfece of the particles. Ttds surface 

of partKles. because smaller particles have a larger 
surfeceMo-volnme rat o than the laiger particles. The siS 

^inTft^l'"^"*'-" ^ '■'"P°««« factor inS 

e^rng the luminescence lifetime. A secoml possibility for 
biexponential decay is that the doping ions Z nbt W 

E!.o ^ "^'""^ P^"""^ to variatSta 

tocal doping concentrations. At this mompm we do not have 
any mfoimation about the distribution of the ions in the 
particles; however, the Eu^ ions are located at aSi" ske 
^ stetetical distribution is expected. To investi^te tJe 
concentration «pienching effect, particles doped with SiS 
c^trations of E«3- were synthesized! The mtsS 
lummescence lifetimes are also summarized in Table 3 

on the dopant concentration, but the decays are stHI biei- 
ponential. By decreasing the E«« concentrSon the average 
d^tances between the ions is increased, leading to a S 
efficient transfer of eneigy between the iJns. The conc^nS 
Smt?."?^ of the lifetime suggests that energy Sr 
fitim one Eu^* ,on to the other is important in the^^enchii 

fo^^c 'r* "•^^h^is'n insistent with t2 

findmgs ,s die energy migraHon over die Eu"* iomj umfl^ 
^nching site ,s reached.^" This quenchmg site is p^hW 
located at the surface, and at low concentations i^^S te 

The smie procedure was used to dope LaF, oarticles with 
tenthanide ions that show emission in the ?S^Sa^? 
Dopmgconcentrations of 596 were applied of Er**. N^^" 
and Ho»+. and the emission spectra were measured. 

LaF ™n!!"'!!-? ^ luminescence of 

SrvTC ""^r"^ Ntf^ and is 
Observed. The emissions of these ions cover the complete 

wTa i l^ ™" Shows a wide bandwidth 

vwth a full width at half-maximum (fwhm) of about 70 nm 

The hmimescence decay was fitted with one exponential. 
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Figure 3. Emission specua of (A) LiFjAEr and (B) UF^d 
measured by reciting the sample with a CWAi+ w 
operating at 488 nm (E,^+) and 514 nm (Nd3*). -nTwrnim^ 

of ^'i' ^" optic modu'btoraStS 

rt.T'' ! ' luartz cuvettes (concentration 

a 20 cm lens on a monochromitor' 
and detected at the monochromator exit with a liquid ^1^8^ 
cooled Ge detector (Northcoast) or a PMT (AgOCS) for theSS 
WBion behveen 700 and 1000 nm. The si^al of the Setecto^ 
fed to a loA-m ampliHer. The spectral of (C) LaF:^o 
m«suwd using an Edinburgh Instruments FS/FL900 insu«„^ 
«citmg tlie sample af448 nm with an a 450 W Xe aic^lZTand 
by collectmg the emission with a nitrogen-cooled G^etrtSr! 

and a Ufetitne of 220^15 was obtained. A possible explanation 
ftr the monoexponential decay is that the ions are located 

^ *^ ^ strongerligand-Er interaction 
Md ftercfore are built m the particles at a later stadium of 
pamcle fonnation. Due to stronger quenching, this mieht 
lead to a monoexponential decay. The spectrum of LaF,:Nd 
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shows the ^ical luminescence of at 880. 1060. and 
1330 nn, CW^-^l, J = 9/2. 1 1/2. and 13«. n^ectively) 
The measured hfehmes of the ^F^ level when fitted Jth 
two exponentials were 240/18 (77%) and 40as (2^ 

^CTll'l^^f^'!!:^.^^''- centei:/? 96^6^' 
tlo^ 'l "1°. (*fr-*l6) nm with lifetimes of 340 as 

In the visible also the emission of the *Ff-«*I, at 640 nm 
was observed (not shown). ™" 

In conclusion. Ln»+^ped nanoparticles of LaF, have been 
^hesized that ate dispt^ible in organic^t;;;' '-^ 
- Pf^^!?..^ be produced in a simple procedure with higj 

yields, and Ae depart type and conwnSatli^^^^^^^^ ' " 

^ed for diffben, applications. Especially the ions emii^ 
m Ae near-infrared are of mterest for telecommunication • 
purposes, and we are investigating the use of this material 
m p^lyjnet^based optical amplifien,. The dopant ion is located 
m the La'+ crystal site inside the particles leading to lone 
lummescent ifethnes in oiganic solvent The luminescS 
decay generally shows a biexponential decay, probably due 
to stnrfeceeffects. A way to improve the iLLsLl S 

rf^nw'^^r^ "^^ "^"^"^ "'eht be to grow a hiyer 
of undoped LaFj around the particles. 
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